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Abstract
The host recovery response is characterized by the disappearance of disease symptoms and activation of the RNA silencing virus
resistance in the new growth following an initial symptomatic infection. However, it is not clear what triggers the initiation of recovery,
which occurs naturally only in some virus–host interactions. Here we report the identification and characterization of a spontaneous mutant
of Tobacco streak virus (TSV) that became defective in triggering recovery in tobacco plants. Infectious full-length cDNA clones
corresponding to the tripartite RNA genome were constructed from both the wild-type and the nonrecovery mutant of TSV (TSVnr), the
first sets of infectious cDNA clones from an Ilarvirus. Genetic and molecular analyses identified an A3 G mutation in the TSVnr genome
that was sufficient to confer nonrecovery when introduced into TSV. The mutation was located in the intergenic region of RNA 3 upstream
of the mapped transcriptional start site of the coat protein mRNA. Intriguingly, induction of recovery by TSV was not accompanied by virus
clearance and TSV consistently accumulated to significantly higher levels than TSVnr did even though TSVnr-infected plants displayed
severe symptoms throughout the course of infection. Thus, our findings indicate that recovery of host can be initiated by minimal genetic
changes in a viral genome and may occur in the absence of virus clearance. Mechanisms possibly involved in the initiation of host recovery
are discussed.
© 2003 Elsevier Inc. All rights reserved.
Introduction
Natural host recovery from viral diseases has been de-
scribed as a form of host resistance response to plant virus
infection (Matthews, 1992). Not uncommonly, a plant may
show disease symptoms early in the infection that disappear
or become milder on tissues arising later in the infection,
even though virus is still present in those tissues. The
recovered plants are subsequently “cross-protected” against
further infection with the same or closely related strains of
the initially infecting virus (Covey et al., 1997; Al Kaff et
al., 1998; Ratcliff et al., 1997, 1999).
A similar host recovery process also occurs in transgenic
plants following infection with a virus that contains a ge-
nome homologous to the nuclear transgene (Lindbo et al.,
1993; Ruiz et al., 1998; Guo and Garcia, 1997). It is now
well established that the homology-dependent virus resis-
tance established in the recovered tissues of either the wild-
type (wt) or transgenic plants following the primary virus
infection is based on RNA silencing (Ratcliff et al., 1997,
1999; Al Kaff et al., 1998; Covey et al., 1997; Guo and
Garcia, 1997; Ruiz et al., 1998; Lindbo et al., 1993). RNA
silencing, known also as posttranscriptional gene silencing
(PTGS) and RNA interference (RNAi), represents a novel
cellular pathway conserved in plants and animals that de-
stroys RNA in a sequence-specific manner (Ding, 2000;
Hannon, 2002; Matzke et al., 2001; Waterhouse et al.,
2001). Double-stranded RNA (dsRNA) serves as the initial
trigger of RNA silencing and is processed by the ribonu-
clease Dicer into short fragments of 21 to 26 nucleotides
(nt) in length. One strand of the small interfering RNA
(siRNA) is then incorporated into the RNA-induced silenc-
ing complex (RISC) to guide specific RNA degradation
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through base-pairing. It appears that specific silencing of
virus RNAs in infected plants is initiated by the Dicer
cleavage of the dsRNA intermediates generated during viral
RNA replication. Thus, siRNAs accumulated during the
primary virus infection will destroy viral RNAs from the
secondary infection that are of homology to the siRNAs,
providing a molecular basis for the homology-dependent
virus resistance established in recovered tissues. In addition
to acting intracellularly, RNA silencing also spreads be-
tween cells through a mobile silencing signal, providing
further protection by silencing the incoming virus in the
new cells (Mlotshwa et al., 2002).
Less is known about how host recovery is initiated in
virus infections of wt plants, which occurs only in certain
host–virus interactions. Following recovery in transgenic
plants, no infectious virus could be detected in the recov-
ered, symptom-free tissues where the specific resistance is
maintained by the silencing transgene (Lindbo et al., 1993;
Ruiz et al., 1998; Guo and Garcia, 1997). Thus, recovery of
these transgenic plants occurs most likely as a consequence
of virus elimination by the homologous silencing transgene.
This is consistent with a lack of recovery in wt plants
infected with a recombinant virus carrying a fragment of an
endogenous nuclear gene because viral RNAs are not elim-
inated in these plants despite active virus-induced silencing
of the targeted endogenous mRNA (Kumagai et al., 1995;
Ruiz et al., 1998; Jones et al., 1999). In contrast to the
transgene-mediated recovery, host recovery in wt plants is
not associated with elimination of the infecting virus, al-
though, in the studies reported to date, recovery is accom-
panied by a decreasing virus accumulation in the infected
plants, suggesting an increased silencing of viral RNAs
(Ratcliff et al., 1997, 1999; Covey et al., 1997). In the
absence of a silencing transgene, persistent virus infection
may actually provide a mechanism for maintaining the ho-
mology-dependent virus resistance in the recovered wt
plants since it ensures a continuing supply of siRNAs or
silencing signal (Ratcliff et al., 1997, 1999; Covey et al.,
1997; Voinnet et al., 2000).
Several lines of evidence suggest that activation of virus
RNA silencing in infected plants is insufficient to ensure
recovery. For example, both Tobacco rattle virus (TRV)
and Potato virus X (PVX) induce RNA silencing that pro-
vides a homology-dependent cross-protection in Nicotiana
benthamiana plants: however, only the TRV-infected plants
recover (Hamilton and Baulcombe, 1999; Ratcliff et al.,
1999). As a viral counterdefensive strategy to the host RNA
silencing antiviral defense, many viruses encode proteins
such as HC-Pro and 2b that are suppressors of RNA silenc-
ing (Li and Ding, 2001; Carrington et al., 2001; Li et al.,
2002; Waterhouse at al., 2001). Notably, almost all of the
viruses that have so far been shown to induce recovery in
either wt or transgenic plants are capable of suppressing
RNA silencing (Lindbo et al., 1993; Guo and Garcia, 1997;
Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau
and Carrington, 1998; Ruiz et al., 1998; Ratcliff et al., 1999;
Voinnet et al., 1999, 2000; Dalmay et al., 2000, 2001). For
example, recovery is frequently induced by a potyvirus in
plants carrying a potyvirus-derived transgene despite a high
level expression of HC-Pro in the initial symptomatic tis-
sues (Ingelbrecht et al., 1999; Lindbo et al., 1993; Guo and
Garcia, 1997; Savenkov and Valkonen, 2002), indicating
that efficient HC-Pro suppression of RNA silencing does
not prevent host recovery. However, there are also examples
indicating that recovery is sensitive to viral suppression of
RNA silencing so that loss of expression of viral silencing
suppressors in mutant viruses results in a recovery-like
phenotype in their wt hosts instead of persistent symptom-
atic infections typical of wt virus infections (Ding et al.,
1995; Szittya et al., 2002). Thus, these data collectively
argue that host recovery is not an inevitable consequence
following activation of the RNA silencing antiviral defense
in infected plants and that other factors may play a key role
in the initiation of recovery.
The recovery and associated cross-protection against re-
lated strains induced by Tobacco streak virus (TSV) in
tobacco (Nicotiana tabacum) represent a classical example
of natural recovery (Fulton, 1978, 1985; Matthews, 1992;
Johnson, 1936). To investigate the mechanism of host re-
covery induced by TSV, we have taken a genetic approach
to isolate mutants of TSV that are not able to induce recov-
ery in tobacco. Here, we report the identification and mo-
lecular characterization of a nonrecovery mutant of TSV
(TSVnr). TSV is the type member of the Ilarvirus, the
largest genus in the Bromoviridae family (Roossinck et al.,
2000) and contains a tripartite plus-strand RNA genome that
encodes fives proteins (Xin et al., 1998; Ge et al., 1997;
Scott et al., 1998). In this work, we constructed infectious
cDNA clones from both TSV and TSVnr, the first sets of
infectious cDNA clones reported for an ilarvirus. Genetic
and molecular analyses using these infectious cDNA clones
reveal that TSV induction of recovery in tobacco is deter-
mined by a single nucleotide in the intergenic region of
RNA 3. Significantly, the TSV-induced recovery was not
associated with clearance of viral RNAs and TSV accumu-
lated to higher levels than TSVnr did in the infected plants
at all time points examined, indicating that viral clearance
by RNA silencing may not be essential for the initiation of
host recovery.
Results
A spontaneous nonrecovery mutant of TSV
Fig. 1 shows an example of the recovery and nonrecov-
ery processes of tobacco plants when challenged with TSV
(Johnson, 1936; Fulton, 1985). Typically, tobacco plants (N.
tabacum cv. Xanthi or cv. Samsun) infected with the WC
strain of TSV showed severe necrosis on the 2nd and 3rd
systemic leaves at 2–3 days postinoculation (dpi), although
the 1st leaf immediately above the inoculated leaves often
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was symptomless. At about 4 dpi, the plants began to
exhibit signs of recovery and leaves that emerged 10 dpi
were essentially free of symptoms (Fig. 1B, middle). The
recovered tobacco plants set seeds normally. Furthermore,
no necrosis developed in these recovered plants after chal-
lenge inoculation with the same virus, as found previously
(Fulton, 1985). Interestingly, we found that of the 40 in-
fected N. tabacum plants, one failed to recover even though
the second and third systemic leaves showed the typical
necrosis at 2–3 dpi. This nonrecovery plant displayed severe
symptoms on all emerging leaves, was severely stunted
(Fig. 1C, right), and showed a high level of infertility. The
sap from this unrecovered plant was used to infect four
healthy tobacco seedlings, three of which subsequently dis-
played the same nonrecovery phenotype. A stable isolate
maintaining the nonrecovery phenotype, designated nonre-
covery TSV, was obtained by repeat passages through local
lesions in Chenopodium quinoa. Thus, TSVnr may repre-
sent either a spontaneous mutant or a minor component of
the TSV quasispecies that carries a genetic mutation(s) in
the genome conferring the novel nonrecovery phenotype.
Recovery and nonrecovery responses induced by cloned
viruses
To facilitate a genetic analysis of the viral determinant
involved in host recovery, full-length cDNA clones corre-
sponding to the genomic RNAs 1, 2, and 3 from both TSV
and TSVnr were constructed. These clones were referred to
as pTSV1, 2, and 3, or pTSVnr1, 2, and 3, respectively. For
TSV and other members of the Ilarvirus genus, as well as
the closely related Alfalfa mosaic virus (AIMV), a mixture
of the three genomic RNAs does not constitute an infectious
inoculum unless coat protein, or its mRNA, RNA 4, is
added (Bol, 1999). Thus, we also constructed a full-length
cDNA clone, designated pTSV4, which corresponded to
TSV RNA 4. All of the full-length viral cDNAs were placed
immediately downstream of a SP6 promoter sequence. This
cloning strategy ensured that in vitro transcripts generated
from the resultant plasmids, when linearized at the 3 end of
the viral cDNAs, were identical to the virion TSV/TSVnr
RNAs at their 5-termini—a critical requirement for infec-
tivity (Boyer and Haenni, 1994). Capped RNA transcripts
from pTSV1, 2, 3, and 4 are referred to as R1, R2, R3, and
R4, respectively, while transcripts from pTSVnr1, 2, and 3
are referred to as r1, r2, and r3, respectively.
Up to 11 clones were obtained for each of the 7 individ-
ual viral RNAs. R1R2R3R4 transcribed from a randomly
selected set of pTSV clones, clone 20–21 for pTSV1, 21-4
for pTSV2, 22-4 for pTSV3, and 19-2 for pTSV4, were
found to be infectious when inoculated onto tobacco seed-
lings. This gave an infection rate of between 60 and 100%.
As expected, RNA 4 was required for infectivity in addition
to the three genomic RNAs because R1R2R3 resulted in no
infections. Although with a 1- to 2-day delay, R1R2R3R4
also induced the recovery response in the transcripts-inoc-
ulated tobacco plants as the sap from plants infected with
TSV (Fig. 1), suggesting that recovery of the infected to-
bacco from TSV is not caused by the presence of a satellite
RNA or the accumulation of defective interfering RNAs.
Similarly, one set of pTSVnr clones gave rise to infectious
transcripts after R4 was added to the mixture of r1r2r3 and
induced the same nonrecovery host response as TSVnr did
(Fig. 1). These results further confirm that the recovery
phenotype of TSV in N. tabacum is under the genetic
control of the viral genome. Interestingly, we found that
plants inoculated with a mixture of R1R2R4 plus equal
amounts of R3 and r3 transcripts exhibited a typical recov-
Fig. 1. The recovery and nonrecovery responses of tobacco to TSV infec-
tion. N. tabacum cv. Samsun (nn) plants were mock-inoculated with buffer
(left column) or infected with viral transcripts inducing the recovery
phenotype (middle column, transcripts R1R2rR3R4) or the nonrecovery
phenotype (right column, transcripts R1R2rR3–1193GR4). The nature of
the transcripts is explained in Fig. 2. The plants from the same experiment
were photographed at 6 (A), 14 (B), and 30 (C) dpi. The responses induced
by the cloned viruses were identical to those induced by the sap inocula
from the original TSV and TSVnr isolates except for a delay of 1–2 days.
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ery response, suggesting a dominant nature of the recovery
phenotype.
Induction of host recovery by a single nucleotide
substitution
We first investigated if a particular species of the three
genomic RNAs of TSVnr was responsible for the nonrecov-
ery phenotype. For this purpose, pseudorecombinant viruses
were created by individually substituting each of the three
TSV genomic RNAs with the corresponding RNA of
TSVnr. RNAs 1 and 2 of TSVnr did not contribute to the
novel phenotype of TSVnr because both r1R2R3 and
R1r2R3 were phenotypically similar to R1R2R3 and in-
duced the recovery response in tobacco. However, none of
the 21 plants infected with R1R2r3 recovered, as was found
for TSVnr-infected plants. Similarly, r3 from two additional
pTSVnr3 clones, 49-1 and 49-5, also induced the nonrecov-
ery infection in tobacco when coinoculated with R1R2R4.
These results show that the genetic determinant for the
nonrecovery phenotype is located in RNA 3 of TSVnr.
RNA 3 contains coding regions for the viral movement
(3a) and coat (CP) proteins and three noncoding regions that
include the 5 and 3 untranslated regions (UTR), as well as
an intergenic region (nucleotides 1080–1246) between
ORFs 3a and CP (Fig. 2). Two chimeric RNA 3 cDNA
clones, pTSVRr3 and pTSVrR3, were constructed using a
unique XbaI site that is located in the center of the inter-
genic region of RNA 3 at nucleotide 1162 (Fig. 2). Capped
RNA 3 transcripts from pTSVRr3 and pTSVrR3 were re-
ferred to as Rr3 and rR3, respectively. When coinoculated
with R1R2R4 to five tobacco seedlings, rR3 induced a
recovery response in all three of the plants that became
infected. This indicates that the determinant for the nonre-
covery phenotype resides in the 3-half of r3. By contrast,
Rr3 was functionally equivalent to r3 because all five plants
infected with R1R2Rr3 displayed severe symptoms
throughout the course of infection as was found for R1R2r3
(Fig. 2). We thus conclude that determinant(s) for the non-
recovery phenotype is contained between nucleotides 1162
and 2205 of the TSVnr RNA 3. This domain includes part
of the intergenic region, ORF CP, and the 3-UTR (Fig. 2).
Three infectious cDNA clones of RNA 3 were com-
pletely sequenced in both orientations: one from TSV (22-4)
and two from TSVnr (49-1 and 49-6). The full-length se-
quences obtained were compared to each other and with the
published TSV RNA 3 sequence (Cornelissen et al., 1984).
A total of 11 nucleotide differences were found between the
four RNA 3 sequences. However, only two of these differ-
ences occurred between TSV (22-4) and TSVnr (49-6): T3
C at nucleotide 290 and A 3 G at nucleotide 1193. The
above analysis of the chimeric RNA 3 transcripts indicated
that only the 3-half of TSVnr RNA 3 (nucleotides 1162–
2205) was involved in the nonrecovery phenotype. Thus, we
concluded that the change from recovery to nonrecovery
was probably due to the A 3 G substitution at nucleotide
1193 of TSVnr RNA 3.
TSV carrying the A1193G substitution of RNA 3
phenocopied TSVnr
To confirm the A1193G substitution as the novel muta-
tion responsible for the altered host response, an A1193G
mutation was introduced into pTSVrR3 by site-directed
mutagenesis. In addition, an A1193U was introduced in
pTSVrR3. The resultant RNA 3 clones were designated
pTSVrR3-1193G and pTSVrR3-1193U, respectively, and
the capped transcripts from these plasmids were designated
rR3-1193G and rR3-1193U (Fig. 2). As described above,
R1R2rR3 was functionally equivalent to TSV and induced a
typical recovery response (Fig. 2). All of the 31 tobacco
seedlings infected by R1R2rR3-1193G displayed a nonre-
covery phenotype (Fig. 1, right). This was in contrast to the
wt recovery phenotype of the 13 plants infected with
R1R2rR3-1193U (data not shown). Total RNAs were ex-
tracted from the infected plants and a region corresponding
to nucleotides 811–2205 of the progeny RNA 3 was ampli-
Fig. 2. Genomic organization of and host responses to TSV RNA 3 and its
mutants. The 3a movement protein is translated directly from RNA 3 (2205
nucleotides long), while CP is translated from RNA 4 (1004 nucleotides
long), a subgenomic RNA of RNA 3. The positions of the start and stop
codons for the 3a and CP open reading frames (represented by boxes) are
given. Nucleotide 1202 is the transcription start site of RNA 4. Nucleotide
1193, 9 nts upstream of the RNA 4 start site, is an A in TSV RNA 3 (R3)
and G in TSVnr RNA 3 (r3). Solid line and dotted line represent RNA 3
or part of it from TSV and TSVnr, respectively. The XbaI site, located in
the intergenic region and used to generate chimeric RNA 3 constructs, is
indicated. R, recovery; NR, nonrecovery.
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fied by RT-PCR. DNA sequencing of the cloned fragments
showed that the introduced mutations were stably main-
tained in RNA 3 of the progeny viruses. Therefore, the
single A1193G substitution, but not the A1193U mutation,
introduced into the genome of a typical, recovery-inducing
TSV isolate was sufficient to cause a phenotypical change to
nonrecovery in the same tobacco host. This result together
with the results from sequence comparisons between recov-
ery and nonrecovery TSV isolates, shows that the induction
of recovery in tobacco plants following TSV infection is
determined by a single nucleotide substitution in the viral
genome.
The A1193G mutation occurred 9 nts upstream of the
RNA 4 transcriptional start site
The identified mutation is located in the intergenic region
of RNA 3 and is 53 nts upstream of the initiation codon for
ORF CP (Fig. 2). To determine whether or not the A1193G
mutation occurs within the 5-UTR of the transcribed CP
mRNA (RNA 4), we next mapped the position of the RNA
4 transcriptional start site using the primer extension exper-
iments. Primer Xin-47, which is complementary to nucleo-
tides 1299–1318 of RNA 3 and thus binds to both RNAs 3
and 4 (Fig. 2), was used to initiate cDNA synthesis on TSV
RNAs and to prime a DNA sequencing reaction on the RNA
3 cDNA (pTSV3) template. Two runoff cDNA species (Fig.
3, lane TSV), corresponding to termination at nucleotides
1201 and 1202 of RNA 3, respectively, were resolved in a
sequencing gel. As the longer cDNA species may be due to
the 5-end cap structure in RNA 4, the 5-terminal nt of
RNA 4 is most likely to correspond to nucleotide 1202 of
TSV RNA 3. Accordingly, the point mutation at nucleotide
1193G occurred nine nucleotides upstream of the RNA 4
initiation site, defined as position 9. By analogy to other
closely related viruses (Bol, 1999; French and Ahlquist,
1988; Marsh, et al., 1988), position 9 should fall in the
sgRNA promoter region of TSV RNA 3, which, in the
minus-sense, controls RNA 4 transcription from the minus-
strand RNA 3. This result also predicts that RNA 4 of
TSVnr is identical in sequence to RNA 4 of TSV.
Host recovery without clearance of viral RNAs
The contrasting host response to the two TSV isolates
with a single nucleotide substitution establishes an ideal
system to investigate the mechanism of host recovery. As
the first step, we examined the RNA accumulation profiles
of the two isolates in infected tobacco plants. Samples were
collected from both the inoculated and the systemically
infected leaves of the inoculated plants starting from 4 dpi.
At this time, plants infected with either TSV or TSVnr
transcripts displayed clearly visible systemic symptoms so
that only infected plants were sampled. The levels of viral
RNA accumulation in these leaf tissues were determined by
Northern blot hybridizations. For TSV, all three genomic
RNAs and the subgenomic RNA 4 continued to accumulate
up to 10 dpi in the inoculated leaves (Fig. 4A) and to 14 dpi
in the systemically infected leaves (Fig. 4B). Thus, host
recovery between 5 and 11 dpi, as was induced by the
transcripts inoculum, was not initiated by a decreased ac-
cumulation of TSV RNAs. Although lower than the peak
levels at 14 dpi, high levels of TSV RNAs were maintained
in the systemically infected leaves at 21 and 30 dpi (Fig. 4B)
when the infected plants were growing as vigorously as the
mock-inoculated healthy plants (Fig. 1). Furthermore, the
accumulation of viral RNAs was consistently higher in
independent experiments in the TSV-infected plants than in
the TSVnr-infected plants in both the inoculated and the
systemically infected leaves at all time points examined
(Figs. 4A and B). As viral RNAs 1–4 are mRNAs for the in
vivo translation of viral proteins, Western blot analysis was
also used to monitor the accumulation of the viral CP.
Consistent with the accumulation profile of RNA 4, the
accumulation of CP continued to increase from 5 to 14 dpi
in the tissues systemically infected with TSV and that the
CP levels were higher in plants infected with TSV than in
the TSVnr-infected plants (Fig. 4C). Thus, the nonrecovery
phenotype of TSVnr was correlated with a decreased viral
RNA accumulation in infected plants. While providing an
important clue as to why TSVnr did not recover in infected
plants, this finding also supports the notion that reduced
virus accumulation was not essential for the recovery of
tobacco plants from wt TSV infections.
Discussion
As the first step toward a mechanistic dissection of the
initiation process of host recovery, we have identified and
characterized a virus mutant that became defective in trig-
gering the recovery response. Our analysis identified a sin-
Fig. 3. Mapping of the 5 end of TSV RNA 4 by primer extension. Total
RNAs from healthy plants (Mock) or plants infected with TSV (TSV) were
annealed with primer Xin-47, reverse transcribed by avian myeloblastosis
virus reverse transcriptase, and analyzed on a sequencing gel alongside a
dideoxylnucleotide sequencing reaction of pTSV3 using the same primer.
A, C, G, and T represent the nucleotide in plus-strand DNA. The arrow
indicates the position of the 5 end of TSV RNA 4.
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gle A3 G mutation in the intergenic region of TSVnr RNA
3 as the genetic change that caused the novel nonrecovery
phenotype. Time-course analyses showed that a reduced
virus accumulation was not observed in recovered tissues
and that TSVnr actually accumulated to lower levels than
the wt TSV did at all time points examined. Two conclu-
sions could be drawn from these findings. First, the distinct
recovery and nonrecovery host responses can be triggered
by the same virus with minimal genetic difference. Second,
despite an established role for RNA silencing in maintaining
the homology-dependent resistance in the recovered tissues,
virus clearance by RNA silencing is not essential for the
initiation of host recovery. However, it must be pointed out
that our data do not exclude a possible role in the initiation
of host recovery for aspects of RNA silencing other than
viral RNA clearance, such as the production of the mobile
silencing signal.
How does the single A3 G substitution in the intergenic
region of the TSVnr genomic RNA 3 result in a significantly
reduced virus accumulation in infected plants? Two poten-
tial regulatory functions of the intergenic region of RNA 3
have been demonstrated in viruses closely related to TSV:
(i) to serve as a promoter for the transcription of the down-
stream CP mRNA (RNA 4) and (ii) to stimulate the stability
and replication of RNA 3, thereby enhancing expression of
both the 3a and the CP genes encoded by RNA 3. However,
several lines of evidence suggest that the mutation may
primarily affect the subgenomic RNA promoter activity.
First, the mutation was mapped at position 9, which is
toward the 3-end of the intergenic region. For the closely
related AIMV, an intergenic sequence encompassing nucle-
otides 26 to 1 was identified as the core promoter for
RNA 4 transcription (Bol, 1999). By contrast, the replica-
tion signal identified in the related Brome mosaic virus
RNA 3 is located at the 5-proximal portion of the inter-
genic region (French and Ahlquist, 1987; Sullivan and Ahl-
quist, 1999). Second, in addition to the overall reduced
accumulation of viral RNAs in TSVnr-infected plants as
compared to that in TSV-infected plants, it appears that
there was a disproportional reduction of RNA 4 over
RNA 3 in the early stages of infection (Fig. 4). Thus, a
possible consequence of the A1193G mutation may be a
Fig. 4. A time-course analysis of TSV and TSVnr RNAs accumulation in tobacco. N. tabacum cv. Samsun (nn) plants were inoculated with RNA transcripts
R1R2rR3R4 (labeled as TSV, see Fig. 1) or R1R2rR3-1193GR4 (labeled as TSVnr). At different dpi as indicated, total RNAs (A, B) and proteins (C) were
extracted from either inoculated (A) or systemically infected (B, C) leaves and subjected to, respectively, Northern blot analyses using 32P-labeled cDNA
probes specific for four TSV RNAs (A, B) and Western blot analysis using an antiserum specific for TSV CP. Each sample contained at least three
independent plants that were pooled for RNA extraction. After transfer, the membranes containing the fractionated RNAs and proteins were stained with
methylene blue and Coomassie brilliant blue, respectively, to show equal loading. Note that an RNA species larger than RNA 4, visible in TSVnr-infected
plants (B), may result from a new initiation of transcription as it was also detected by a probe specific for RNA 4 (data not shown).
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reduced expression of CP in the early stages of TSVnr
infections.
The closely related AIMV CP is a multifunctional pro-
tein. It is required for genome activation, similar to the CP
of TSV, and in fact, both CPs can reciprocally activate each
other’s genome (Bol, 1999). Both in vitro and in vivo
studies have demonstrated that the AIMV CP is not required
for minus-strand viral RNA synthesis but is essential for
plus-strand RNA accumulation (Bol, 1999; de Graaff et al.,
1995). In protoplasts expressing the AIMV replication pro-
teins from transgenes, mutations that disrupt CP expression
in RNA 3 have minimal effects on minus-strand RNA 3
synthesis but result in a 100-fold drop in the accumulation
of plus-strand RNAs 3 and 4 (Van der Kuyl et al., 1991; van
der Vossen et al., 1994). Thus, a similar role of TSV CP in
up-regulation of the plus-strand RNA accumulation would
explain the overall reduction in the accumulation of viral
RNAs in TSVnr-infected plants. However, future work us-
ing isolated protoplasts is necessary to determine if the
observed reduction of TSVnr accumulation in infected
plants is due to the reduction in RNA 4 transcription or in
RNA 3 replication.
How does a reduced virus accumulation prevent the
TSVnr-infected plants from recovery? First of all, it should
be pointed out that TSVnr is not simply a symptom variant
of TSV because TSVnr consistently accumulated at much
lower levels, yet caused persistent and more severe symp-
toms in infected plants as compared to TSV. This unusual
inverse relationship between symptom severity and virus
accumulation was not observed in previous characteriza-
tions of virus symptom variants (Holt et al., 1990; Traynor
et al., 1991; Weiland and Edwards, 1994; Neeleman et al.,
1991; Rao and Grantham, 1995; Banerjee et al., 1995; Tsai
and Dreher, 1993; Lewandowski, 1993). It is possible that
the reduced viral RNA levels in TSVnr-infected plants are
critical to preventing recovery. Both TSV and TSVnr are
expected to trigger virus RNA silencing in infected plants
(Voinnet et al., 2000; Ding, 2000; Mlotshwa et al., 2002;
Hannon, 2002). Indeed, we recently detected the accumu-
lation of viral siRNAs in tobacco plants infected with either
TSV or TSVnr (our unpublished data). However, the reduc-
tion in viral RNA accumulation may cause a delayed and/or
weaker production of the systemic silencing signal in the
TSVnr-infected plants that was insufficient to trigger recov-
ery, unlike in TSV infections. Ratcliff and colleagues pre-
viously noted a positive correlation between the ability of a
virus to induce recovery and its ability to infect meristems
(Ratcliff et al., 1999). TSV may also infect meristems as it
is transmissible through pollen (Fulton, 1985). Thus, the
discovery of a nonrecovery mutant with minimal sequence
variation from its wt virus makes it possible to investigate if
meristem invasion plays a role in the induction of the
recovery response.
It is also possible that the initiation of host recovery by
TSV involves a mechanism that is independent of RNA
silencing. This mechanism may or may not be distinct from
the one that mediates the recovery by nepoviruses, TRV,
and Cauliflower mosaic virus, which unlike TSV, is asso-
ciated with a decreasing virus accumulation (Ratcliff et al.,
1997, 1999; Al Kaff et al., 1998; Covey et al., 1997). Both
TSV and TSVnr induced indistinguishable necrotic symp-
toms in the first systemically infected leaves, which were
absent in leaves emerged later in TSV-infected plants (Fig.
1). Thus, the severe disease associated with TSVnr infec-
tions may result from a continuing development of systemic
hypersensitive response (HR), which is perhaps effectively
suppressed by TSV. In this model, TSV may encode a
protein(s) that triggers host recovery by suppressing the
incomplete resistance response of the host. Since there is an
overall reduction of virus accumulation in TSVnr-infected
plants, as shown by both Northern and Western analyses,
this viral protein may be expressed at a reduced level in-
sufficient to suppress the host response so that TSVnr-
infected plants do not recover. That the hypersensitive virus
resistance was partially active in TSVnr-infected plants ex-
plains why TSVnr accumulated to lower levels than TSV
did in infected plants. This model is also consistent with our
recent observation that TSVnr induced a significantly stron-
ger transcription of the pathogenesis-related protein Ia gene,
a marker for the hypersensitive virus resistance (Li et al.,
1999), than TSV did (our unpublished data). Regardless of
the mechanisms involved, it is interesting to note the unique
and dominant phenotype of the wild-type TSV isolate in its
natural tobacco host. Apparently, TSV has evolved to prop-
agate to high titers with a minimal cost to its host and the
virulence increases when it is propagated at a lower level, as
in plants infected with TSVnr.
Materials and methods
Construction of full-length cDNA clones
TSV WC strain (Scott et al., 1998; Xin et al., 1998) was
kindly provided by S.W. Scott (Clemson University, SC,
USA). Total RNAs were extracted (Ding et al., 1995) from
N. tabacum (cv. Xanthi) 2 weeks after infection with either
TSV or TSVnr. These two RNA samples were used as
templates for amplification of the full-length viral cDNAs
by reverse transcription and polymerase chain reaction (RT-
PCR) corresponding to the seven viral RNAs (RNAs 1, 2, 3,
from both TSV and TSVnr plus TSV RNA 4). Primers for
the first-strand cDNA synthesis were complementary to the
3-terminal 21–26 nts of RNAs 1, 2, and 3 (Scott et al.,
1998; Cornelissen et al., 1984). The second-strand primers
contained the 5 17-nt SP6 promoter sequence fused with
21–26 nts corresponding to the 5-terminal sequences of
RNAs 1, 2, 3, and 4. The EXPAND reverse transcriptase
(Roche) was used for the first-strand cDNA synthesis and
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the EXPAND high-fidelity and long-template PCR system
(Roche) for PCR using conditions recommended by the
manufacturer with the following modifications: cDNA syn-
thesis was initially carried out at 42°C for 5 min, continued
at 50°C for 45 min, and then at 60°C for a further 10 min.
Each of the amplified full-length cDNAs was cloned at the
SmaI site of pUC19 and clones with the SP6 promoter
sequence oriented next to the SacI site were selected. Up to
11 clones were selected for each of the seven viral RNAs,
designated as pTSV1, 2, 3, 4, and pTSVnr1, 2, and 3,
respectively, and sequences at the 5 and 3 cDNA/pUC19
junctions were determined. Full-length viral cDNA inserts
in one pTSV3 clone, 22-4, and two pTSVr3 clones, 49-1
and 49-5, were completely sequenced using 16 primers
hybridizing to various positions of both strands through the
in-house automated sequencing facility using the BIGDYE
PCR reaction mixture from PE Biosystems Inc. The DNA
sequences obtained were analyzed using SeqEd V1.0.3 and
AssemblyLIGN V1.0.9.
Recombinant plasmids
The 3-half of RNA 3 cDNA was obtained as an XbaI
fragment (one site located internally at nucleotide 1162 and
another downstream of the 3 end of viral cDNA in the
plasmid vector) and exchanged between pTSV3 and
pTSVr3, resulting in two new plasmids, pTSVRr3 and
pTSVrR3. A PCR protocol (Ding et al., 1995) was used to
introduce A 3 G and A 3 T substitutions at nucleotide
1193 of pTSVrR3 to create pTSVrR3-1193G and
pTSVrR3-1193U, respectively.
RT-PCR, DNA sequencing
Virus progeny RNA analysis was performed by RT-PCR
using the Titan one-tube RT-PCR kit (Roche) unless other-
wise stated. DNA fragments were sequenced in-house as
described above.
In vitro transcription and plant inoculation
All of the full-length cDNA clones of TSV and TSVnr
were linearized by BamHI, except for pTSV1 and pTSVr1,
which were digested by SacI. The linearized plasmids were
transcribed in vitro by the SP6 RNA polymerase in the pres-
ence of cap analogue with the eMESSAGE eMACHINE
transcription kit (Ambion Inc). The resulting transcripts
would contain 12 (RNAs 2, 3, and 4) or 24 (RNA 1)
nonviral nucleotides at their 3 ends. N. tabacum cv. Sam-
sun (nn) plants were grown in Conviron growth chambers
(22°C constant, 75% humidity, and 16 h photoperiod). The
youngest fully expanded leaves of tobacco seedlings were
dusted with carborundum and inoculated with the capped
RNA transcripts (approximately 1 g for each RNA of the
four TSV RNAs per plant).
Primer extension
Primer extension experiments to map the 5 end of TSV
RNA 4 were conducted as described (Xin et al., 1998),
using total RNAs extracted from mock- or TSV-infected N.
tabacum (cv. Samsum) 12 dpi as template and primer
Xin-47 (complementary to nucleotides 1299 to 1318 of
RNA 3). The runoff cDNA species reverse transcribed from
the RNA 4 template were resolved in DNA sequencing gels
alongside a sequencing reaction of pTSV3 by the same
primer using the Sequenase kit, version 2.0 (US Biochemi-
cals).
Northern blot analysis
Total RNAs were extracted at various time points after
inoculation from the inoculated and systemically infected
leaves (or the top 2–3 leaves) and 5 g of each RNA sample
was analyzed by Northern blot analysis as previously de-
scribed (Ding et al., 1995). Leaves were excised from at
least three independent plants, snap frozen in liquid nitro-
gen, and pooled for RNA extraction. The DNA fragments
corresponding to nucleotides 612–3491 (RNA 1), 2148–
2926 (RNA 2), and 1162–2205 (RNA 3) were obtained by
restriction from pTSV1, 2, and 3, respectively, and labeled
with [-32P]dCTP by random priming with Ready-prime
DNA labeling kit (Roche).
Western blot analysis
Leaves of either mock, TSV, or TSVnr-inoculated N.
tabacum (cv. Samsun) were collected at various time points
after inoculation, frozen in liquid nitrogen, and ground to a
powder. Equal amounts of total protein samples were loaded
and analyzed by Western blot by following the manufac-
turer’s instructions. Briefly, 12% of acrylamide gels were
used for electrophoresis. Protein samples were transferred to
nitrocellulose membrane (0.45 m) using Bio-Rad semidry
transfer cell. The polyclonal anti-TSV virion antiserum was
purchased from the American Type Culture Collection (PV-
276 TSV antiserum). Alkaline phosphatase conjugated pro-
tein A was used to react with the primary antibody. Immu-
nostar from Bio-Rad was used for fluorescence detection.
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